Abstract-There is currently much interest in multiport and multiple antenna systems. However, embedding many antennas closely in a printed circuit board will raise the issue of mutual coupling between them, which will decrease their performance. The research described in this paper, concerns enhancing the isolation in a dual port antenna. The general approach is to design a four-port feed network to be connected to the antenna to fulfil this task. The sample antenna that the approaches were applied to was a dual-port UWB-Narrowband antenna [1]. The feed-network that has been designed, fabricated and tested consists of a coupler and a phase shifter.
INTRODUCTION
The rapid increase of wireless communication standards has led to the development of multiband antennas for multimode handset terminals. As a result, the optimal integration of compact multiport antennas in cellular phones has presented antenna engineering with a new challenge [2] . In such multi standard radio systems with simultaneously operating antennas, excellent isolation between antenna ports is a requirement. It is a difficult task to integrate multiple antennas closely in a small mobile handset while maintaining good isolation between antenna elements, because the antennas couple strongly to each other and to the ground plane by sharing the surface currents. Printed antenna arrays suffer from relatively high level of mutual coupling between individual elements due to surface waves. This becomes progressively worse with increasing frequency, dielectric constant, and substrate thickness. [3] High antenna coupling (or low isolation) can cause signal leakage from one antenna to another, thus increasing the signal correlation between channels. It can also decrease antenna radiation efficiency, owing to the loss of the power dissipated in the coupled antenna port.
Isolation enhancement techniques for multiport antennas can be categorized into two main groups: 1. Isolation enhancement by changing the antennas structure such as an increase of the spacing between them [4] [5] ; 2. Isolation enhancement by adding an external feed network to the antenna without making any changes to the already designed antenna's structure. Shin-Chang et al. [6] proposed a four-port decoupling network, with two output ports connected to the antennas, for reducing the coupling between the two resultant new input ports. Each input port is in turn connected to a matching network for improving the input impedance. To compensate the size of the microwave networks, particularly at low frequencies, a lumped element feed network was proposed by Bhatti et al. [7] . An LC-based branch-line hybrid coupler was integrated with the long term evolution (LTE) antenna array.
The first approach is more commonly reported in literature. However, the second approach is the concern of this paper. The advantage of this approach is generality, as it can be applied to any dual port antenna with slight variation of parameters such as the frequency of design and the port arrangements.
The main goal of this paper is to design and build a feed network capable of feeding a dual-port antenna in order to enhance the isolation between its two ports, without any changes to the antenna's structure having to be made. One of the applications of the sample dual-port UWB-Narrowband antenna would be Cognitive Radio (CR). Improving the isolation in multi-antenna systems is very important. Moreover, Cognitive Radio (CR) applications require an even higher level of isolation. The UWB antenna scans the environment for potential transmitters; if the mutual coupling power between the UWB and narrowband antenna ports is higher than the potential transmitter power, then the UWB receiver might not be able to detect the transmitter. This will lead to a decrease in the performance of the cognitive radio. Therefore, achieving a good level of isolation is essential in such applications.
In this paper a decoupling feed network is proposed to increase the isolation between the antenna ports. The feed network consists of a coupler and a phase shifter. Different types of coupler including rat-race coupler were investigated [8] . In order to maintain the narrowband antenna's resonating frequency and also the UWB antenna's reflection coefficient at a reasonable level (less than -10 dB) after adding the feed network, a directional coupler with unequal power division is proposed. In the next section the branch-line coupler with arbitrary coupling value is discussed. In section III this network was examined by connection to a pre-designed antenna where two ports are highly coupled. The network has then been fabricated and measured along with the antenna. The measurement results are studied in section IV. The conclusion is given in section V.
II. BRANCH LINE COUPLER DESIGN
As branch-line couplers are a type of directional couplers, therefore the scattering matrix is the following:
For an ideal branch-line coupler with quarter wavelength series lines and shunt branches:
Where Z A and Z B are the characteristic impedances of the series lines and shunt branches. Therefore, for calculating Z A and Z B , S 12 and S 13 (S-parameters matrix) of the coupler are required. The network is considered to be lossless; thus (By using the following equations): The even columns represent the phase of the S-parameters. The value of A could be calculated according to the application and desired level of isolation.
III. AN EXAMPLE ANTENNA-APPLICATION
The isolation enhancement approach was examined by connecting the feed-network to a pre-designed dual port antenna, of which the two ports are very close to each other. The antenna [1] is a dual-port UWB-Narrowband antenna with a high level of coupling (-4 dB) at the resonating frequency of the narrowband antenna. Fig. 1 represents the simulated and measured transmission coefficient of the antenna. In other words it represents the coupling between the two antenna ports. It can be seen that in the range 4.7 GHz to 7.3 GHz the coupling is relatively high (more than 10 dB) where the peak value is -4 dB at 5.15 GHz which is the resonating frequency of the narrowband antenna. The purpose of the feed-network is to reduce the mutual coupling between the two ports of the antenna in order to enhance the isolation. Another aim of this research is to maintain the narrowband antenna's resonating frequency, having added the decoupling feed network to the antenna. The UWB antennas reflection coefficient should also be maintained in the reasonable range (about -10 dB reflection coefficient). [1] In order to design the feed network to be fed to this antenna, the value of A should be found out from equation 6. In order to find the value, the branch-line couplers matrix was imported to the Microwave Office (AWR) as a Touchstone file. The antenna's S-parameters were also imported. The composite structure is a 2 port network. S 11 and S 22 are the reflection coefficient of port 1 and port 2 of the composite structure respectively. They are approximated as the reflection coefficient of the wideband and narrowband antennas respectively.
It should be mentioned that a phase-shifter is also required because the coupler itself will not necessarily create the right phase shift to cancel the mutual coupling between the antennas. This is achieved by finding the optimum value of phase shift between the coupler and antenna ports. The phase shift is created with a piece of microstrip line.
The value of A should be optimized to enhance the isolation between the new composite structure ports. The narrowband antenna's resonating frequency should be maintained as well as wideband antenna's reflection coefficient agreement to the wideband antennas benchmark (-10 dB). An arbitrary value of A = 0.1 is chosen to start with. Different values of A in the range of 0.1 to 0.9 were tried in the simulator. An acceptable value for A is one which produces the optimum results considering, isolation and UWB and narrowband antenna performances. Finally the optimum value for A was found to be 0.3. According to [9] : Coupling = C = 10 Log (P 1 /P 3 ) = -10 Log |S 13 | dB Coupling = C = -20 Log |0.3| dB C = -20 Log |0.3| dB = 12 dB By having the values Z A = 47 Ω and Z B = 137 Ω , the next step is to simulate the branch-line coupler with the Coupling value of 12 dB, the branch line coupler operating at 5.15 GHz has been simulated in AWR Microwave office. Fig. 2 , represents the S-parameters of the composite network (antenna+ coupler+ phase-shifter), with the optimized coupling value (C=12 dB). The optimized value for the phaseshifter was determined by tuning the value to 89°. As can be seen, S 12 is the transmission coefficient between antenna ports and shows that it's about -14 dB at 5.15 GHz, which is a reasonable isolation. The narrowband antenna reflection coefficient (S 22 ) resonating frequency is maintained at 5.15 GHz. The wideband antenna's reflection coefficient is acceptable (less than -10 dB) from 3-8 GHz. It then peaks at approximately 8.5 GHz, which could be problematic. The feed network (coupler and phase shifter) which is a microstrip structure is connected to the CPW-mictristrip antenna. Thus, there is a microstrip structure of coupler and narrow band PIFA which is connected via microstrip lines [See Fig. 3 (a) ]. On the reverse side of the substrate, there is the ground plane of the microstrip coupler connected to the CPW antenna's ground plane [See Fig. 3(b) ].
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The UWB antenna port is connected to the coupler's port (on the reverse side of the substrate) via a shorting pin [see Fig.  3 ]. The shorting pin position through the CPW feedline and the gap dimensions are simulated by parametric studies to achieve a 50 Ω matching between the microstrip line of the coupler and the CPW antenna's feed line. Fig. 4 is compared to Fig. 1 , the isolation between two ports can be seen to have been enhanced by approximately 10 dB. It is also clear that the narrowband antenna resonating frequency is maintained at 5.15 GHz. The wideband antenna's reflection coefficient S 11 , is almost less than -10 dB in most of the frequency range except at frequencies from 6.3 to 7.1 GHz and at the high end of the band about 11 GHz. These results are the optimized value of the coupling in order to maintain the narrowband-wideband characteristics of the antenna. The prototype of the final structure was printed on a high performance RF Laminate (TLC-30) with a relative permittivity of εr=3+/-0.05 and a thickness of h=0.79 mm. (see Fig. 5 ). IV. RESULTS Fig. 6 shows the measured S 12 of the composite structure and should be compared with Fig. 1 , where the coupling value is about -4 dB. The coupling at 5.15 GHz is reduced to approximately -14 dB. The solid line represents the measured result which agrees well with the simulated result. Fig. 7 shows the S 11 , the reflection coefficient of port one, which is connected to the UWB antenna via the through port of the branch-line coupler. It could be considered as the UWB antenna's reflection coefficient (minus the Return loss). S 11 is less than -10 dB in most of the UWB antenna's operating frequency range. The value of S 11 peaks at frequencies of about 6.58 GHz and 9.5 GHz. This happens because the whole structure of the antenna is changed as a result of adding a narrowband feed network to it. Fig. 8 represents the S 22 , the reflection coefficient of port two, which is connected to the narrowband antenna via the through port of the branch-line coupler. It could be considered as the narrowband antenna's reflection coefficient (minus Return loss). As can be seen, the measured and simulated results have a good agreement. The value of S 22 is about -14 dB at 5.15 GHz. Thus the narrowband antenna's resonating frequency is unchanged and the narrowband antenna resonates at the original value of 5.15 GHz. Fig. 9 shows the current distribution on both sides of the structure when port 1 is excited and port 2 is terminated to a 50 Ω load. Port 1 is the 'Input' port of the coupler. Wideband antenna is connected to the 'Through' port of the coupler. Port 2 is connected to the 'Coupled' port of the coupler and the narrowband antenna is connected to the 'Isolated' port of the coupler. It is evident that when port 1 is excited, the wideband antenna is excited but the narrowband antenna is isolated. This agrees well with the S-parameters of the structure, showing that the coupling between the antenna ports is reduced. Fig. 10 shows the current distribution on both sides of the structure when port 2 is excited and port 1 is terminated to a 50 Ω load. In this case, Port 2 is the 'Input' port of the coupler. The narrowband antenna is connected to the 'Through' port of the coupler. Port 1 is connected to the 'Coupled' port of the coupler and the wideband antenna is connected to the 'Isolated' port of the coupler. As can be seen in Fig. 10 , when port 2 is excited, the narrowband antenna is excited too. The wideband antenna is expected to be isolated, but it is not. The reason is that the current couples from narrowband antenna to the wideband antenna near the gap edges (see Fig. 10(b) ). The induced current in the wideband antenna goes back to the 'Isolated' port of the coupler.
By observing Fig. 9 and 10, it can be concluded that by adding the feed network to the antenna, the mutual coupling at the antenna ports is reduced considerably. In other words when one port is being excited, a very small value of current couples to the other port. The coupling caused by the structure of the antenna could be reduced by changing the position of the narrowband antenna relative to the UWB antenna, in a way that there is less coupling at the gap edges.
V. CONCLUSIONS
In this paper, a feed network consisting of a branch-line coupler and a phase shifter was designed, fabricated and measured to enhance the port isolation of the dual port antenna. The simulation and measurement results are in good agreement. The narrowband and UWB reflection coefficients were found to be reasonable; the narrowband characteristic of the antenna was maintained quite well. However, the UWB antennas reflection coefficient S 11 was marginally above the desired value at some higher frequencies such as 6.8 GHz. The results suggest that frequency selectivity is required within the coupler in order to control the modified antenna S-parameters over the whole 3 to 11 GHz bandwidth.
The behaviour of a basic narrowband coupler is not well controlled out of its operating band. In order to achieve control over the feed network's behaviour also out of the coupler's bandwidth, its scattering matrix needs to be controlled at those frequencies too. This will give control on the feed network response all over the UWB (3-11 GHz) bandwidth. The solution is to define such a feed network to behave as a coupler in the desired frequency band; and it should not couple in the rest of 3-11 GHz band. This could be implemented by embedding band pass filters inside the branch-line coupler. Dielectric resonators or YIG resonators could be used in order to make high Q-factor band-pass filters at 5.15 GHz. [10] 
